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“Listen to me. I know that new situations can be intimidating. You’re looking 
around and it’s all scary and different. But you know, meeting them head on, charging 
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Hoje em dia vivemos num mundo sem fios, conectados a todos. Nossos 
telemóveis, computadores e até nossos eletrodomésticos, como relógios e câmaras estão 
utilizando de baterias como a sua forma principal de alimentação. Cada dia mais se 
torna mais complexo sustentar um aumento da demanda do consumo de energia, 
enquanto tenta se manter uma boa capacidade de bateria. Assim, devemos desenvolver 
baterias ainda mais baratas, mais eficientes e até menores do que nunca. 
Muitos tipos de baterias foram desenvolvidos no passado, como baterias de níquel 
e enxofre, porém são as baterias de lítio que tiveram as melhores melhorias, graças a sua 
alta estabilidade e facilidade de produção. Há vários métodos de melhoria numa bateria 
de lítio, e um dos mais eficientes é a melhoria no cátodo. Para este trabalho, Pentóxido 
de Vanádio, um material abundante na terra, barato e com uma densidade de energia 
melhor que os materiais tradicionais, foi utilizado. 
Exfoliação em fase líquida foi o método utilizado para a obtenção das 
nanoestruturas, enquanto DRX, SEM, BET e XPS foram utilizados para confirmar a sua 
estrutura. Para as baterias, testes galvanotáticos de carga e descarga e voltometria 
cíclica foram utilizados para testar a performance deste material como cátodo. 
Palavras-chave: Vanádio, Pentoxido de Vanádio, Cátodo, Nanoplates, Baterias 
de iões de lítio, Exfoliação em fase líquida 




Nowadays we’re living in a wireless connected world. Our phones, computers, 
and even everyday appliances such as clocks, cameras, etc. are getting out of the grid 
using batteries as its main source of energy. It’s becoming more and more demanding to 
sustain an increase in energy consumption of these devices while maintaining a good 
battery life. As a result, we must develop batteries that are cheaper, better and smaller 
than ever before. 
Many batteries have been developed in the past few years, such as Nickel and 
sulfur batteries. But it is the lithium-ion batteries that has the most significant improve 
in use, due to its high stability and easiness to produce. There are plenty of ways to 
improve a Lithium-ion battery, and the most effective and useful is improving the 
cathode. For this, Nanostructured Vanadium Pentoxide, an earth rich, cheap and with 
higher energy density than traditional materials was used in this present work. 
Liquid-phase exfoliation was used to produce the nanostructure, while XRD, 
SEM, BET and XPS were used to confirm its structure. For the batteries, galvanostatic 
charge-discharge and cyclic voltammetry were used to test its performance as a cathode 
material. 
Keywords: Vanadium, Vanadium Pentoxide, Cathode, Nanoplates, Lithium 
Batteries, Liquid-phase Exfoliation 
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1 Introduction 
Two-dimensional (2D) materials have attracted great interest after the discovery 
of graphene, due to their structural anisotropy and enhanced properties compared to raw 
material1. Vanadium pentoxide (V2O5) is a cheap, earth-rich, layered material with high 
theoretical capacity, making it a suitable candidate to produce nanosheets and to be a 
cathode material for Lithium Ion Batteries (LIBs). Based on this, exfoliated V2O5 
nanoplates were developed, characterized and tested as a cathode for Li-ion batteries. 
1.1 2D Nanomaterials 
Graphene started the interest for 2D materials in 2004, and can now be used in a 
wide range of applications, from energy conversion and storage systems, to electronic 
and optical devices 2,3 . Nonetheless, while being such a novel material, since is 
composed of only carbon, this characteristic cap its versatility, either by composition or 
structural  1. 
As a result, the research for alternative 2D materials became a topic of great 
interest 4. These materials have strong in-plane bonds while having weak Van der Waals 
interactions between layers, thus to get nanosheets those interactions should be 
disrupted5. Ideally, materials that are exfoliated into ultrathin nanosheets have all atoms 
exposed to the surface, making the surface phase of the material one important feature 
to analize1. Given the unique 2D structure, properties such as electrical conductivity, 
photonics, magnetics, etc.  - compared to bulk counterparts -, open new characteristics 
to transistors, sensors, supercapacitors and batteries 6. In ultrathin 2D nanomaterials, the 
electron confinement in the two dimensions of the material without interlayer 
interactions enhances electronic properties. Also, the atomic thickness provides 
excellent mechanical flexibility and optical transparency, making them suitable for 
optoelectronic devices. Likewise, its large lateral size and thin thickness gives these 
materials high surface area, which greatly improves lithium ion batteries 7. 
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1.1.1 Exfoliation of Layered Materials  
To get the full potential of these promising materials, it is necessary to develop a 
reliable, facile, feasible and reproducible method to get thinnest possible nanosheets. 
Many methods have been studied and developed, such as mechanical cleavage 9, liquid-
exfoliation 10, ion-intercalation and exfoliation 11, chemical vapor deposition 12, etc.. 
These methods can then be classified as: top-down or bottom-up.  
The top-down method consists on the direct exfoliation of layered bulk materials 
into 2D structures as thin as single-layer, in which several forces are used to break the 
weak Van der Waals links between layers. In other hand, bottom-up relies on direct 
synthesis of 2D materials from different precursors via chemical reactions. 
1.1.2 Synthesis of 2D Nanomaterials via Liquid Exfoliation 
Liquid-phase exfoliation is one among many techniques to produce 2D ultrathin 
nanosheets from layered bulk materials. This method usually has high yield, does not 
require high-cost techniques such as vacuum-drying or high temperature and pressures 
as solvothermal synthesis 13. 
Nanosheets are obtained based on the principle that the precursor powder (i.e. 
V2O5) is immersed in a solvent that intercalates between the interlayer space, which 
causes a swelling in the material, weakening the interaction between layers, opening 
space for a mechanical stress disrupt the layers, i.e. sonication, creating nanosheets 14 
(Fig.  1). Although the sonication can break the Van der Waals force between the 
sheets, it cannot break the covalent bonding existing in each layer. 
 
Fig.  1 - Exfoliation process of V2O5 via liquid-phase exfoliation using formamide as solvent 
The choice of the solvent is a key factor in a good exfoliation process, as with a 
good matching surface tension between the solvent and the layered crystal minimizes 
the energy and increases the efficiency of the process, also, it helps stabilizing the 
exfoliated nanosheets and avoiding their restacking and aggregation 7. 
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1.2 V2O5 – Structure and Applications 
Vanadium is a useful transition metal as it is earth-rich, cheap and has plenty uses 
in scientific and industrial areas, due to several different oxidation states, ranging from 
+2 to +5 15–17. As a result, Vanadium compounds have been widely studied for 
applications such as optoelectronic 18, sensors 19 and energy storage 20. 
Specifically, V2O5 has a crystal structure formed by stacking layers, perpendicular 
to c-axis via Van der Waals interactions 21. This layered structure makes V2O5 (Fig.  2) a 
promising candidate for LIBs, as it allows reversible ions intercalation, which makes 
them suitable for electrochemical energy conversion and storage 16. 
 
Fig.  2 – Representation of Orthorhombic V2O5 (Pmnm) layered structure 
Not only that, but V2O5 also has a high theoretical capacity of 294mAh g
-1, thanks 
to its 2 Li+ intercalation/deintercalation per unit formula (Eq. 1), which is higher than 
most commonly used cathode materials, such as LiCoO2 (140mAh g
-1), LiMn2O4 
(148mAh g-1) and LiFePO4 (170mAh g
-1) 22,23. 
V2O5 + xLi
+ + xe−1 ↔ LixV2O5   (1) 
Despite many advantages, V2O5 has some downsides due its poor structural 
stability during intercalation-deintercalation process, poor kinetics due to low diffusion 
coefficient of lithium ions, and low electric conductivity  24–26. 
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As mentioned earlier, nanostructured materials can significantly improve some 
features from a material, and with this, many nanostructures for V2O5 have been 
proposed, such as nanorods 27,28, nanosheets 29,30 and three-dimensional nanoflowers 31, 
which significantly improved V2O5 to be used as electrode material. However, 2D 
materials, such as nanosheets or nanoplates, seems to be the most valuable structure, 
because of unique planar configurations that offers shortened diffusion path for lithium 
ions and more active sites 24,32,33. 
1.3 Lithium-ion Batteries 
By definition, a battery is a device capable of converting chemical potential into 
electric energy, through chemical reactions 34. Researchers have been developing 
various kinds of devices to reduce or consumption of fossil energy 35,36, and one of the 
most researched topic is lithium-ion batteries.  
Japanese company Sony kicked off the manufacturing of Li+ batteries in 1991, 
although initial research on this topic was conducted by Armand in the late 70s 37, when 
trying to use intercalation materials with different potential for the electrodes 38. This is 
the same working principle used until nowadays in newer lithium ion batteries. As 
shown in Fig.  3, the working principle consist in an anode (source of lithium ions) with 
a cathode (sink for lithium ions) having different potential so lithium ions can flow 
through a medium that provides pure ionic conductivity, the electrolyte 39. 
 
Fig.  3 – Simplified working principle of a Lithium Ion battery 
During charging and discharging, electrons travel through the external circuit 
from the anode to the cathode. At the same time, Li+ ions travel between the two 
electrodes through the electrolyte, in the same direction as the electrons. This flow 
enables the conversion of chemical energy into electrical energy, and thus the storage of 
electrochemical energy within the battery 40. 
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Fig.  4 - Typical button cell (coin cell) montage 
There are three main factors that can be considered the most important ones to 
improve a lithium-ion battery (LIB): rate capability, cyclability and power density 41. A 
promising, and effective, method to improve these factors is the design of nanoscale 
electrode materials, as they are an effective method to shorten the Li+ diffusion distance 
during the charge-discharge process, as well increasing the interfacial contact area 
between the electrode and electrolyte, enhancing both specific power density and 
energy density 42. As said earlier, 2D nanoarchitectures can improve lithium storage, as 
it has large exposed surface area, and shortened ion diffusion path, offering more 
lithium-insertion channels  32.  
1.3.1 Button Cell Battery 
This type of batteries is mounted 
together as a single cell, varying its size, 
usually 5 to 25 mm in diameter, according to 
the application. Given its small size, their 
usage is mainly for low electrical power 
devices, such as toys, watches, calculators or 
portable devices, and to power memory 
backup for electronic devices, i.e. 
motherboard  43. Coin cell, a type of button 
cell, is commonly used in laboratories to test 
the capacities and rate capabilities of new 
materials as they are developed 44. 
These battery components are mounted inside a metal housing, designed by a 
lower conductive can and a top conductive lid. Inside, both electrodes are usually 
separated by a porous separator, and the electrolyte exists within pores of the separator 
45,46. To increase conductivity between electrodes and housing, a spacer can be used 44. 
Fig.  4, shows a typical coin cell structure as used in this present work.  
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This dissertation aims to produce nanostructured V2O5 via liquid-exfoliation, a 
simple, effective and high-yield method of production, and use those nanoparticles to 
create a high-performance Li+ battery. Morphological characterization and 
electrochemical performance were studied for a direct comparison with bulk V2O5. 
Additionally, working coin-cells with both materials were successfully made and tested. 
 
1.4 State-of-the-art on V2O5 batteries 
As shown by An et al. 30, ultrathin V2O5 nanosheets were obtained with high rate 
capability for lithium batteries. The nanosheets were prepared through supercritical 
solvothermal reaction followed by annealing treatment. The ultrathin V2O5 nanosheets 
exhibited a capacity of 108 mAh g-1 at 10C and 146 mAh g-1 at 1C, and beyond that, 
they had excellent cyclability with little capacity loss after 200 cycles at 10C, 
corresponding to 96% of its initial capacity.  
 Another example of remarkable ultrathin V2O5 nanosheets cathodes was shown 
by Rui et al. 22, where few-layer V2O5 nanosheets with thickness of 2.1-3-8nm were 
successfully synthesized via the same technique described in this present work, liquid-
phase exfoliation. The as-obtained V2O5 nanosheets were tested for their lithium storage 
performance as a cathode material and the results were interesting, such as 292 mAh g-1 
for the first discharge capacity. Their tests were performed at a much lower C-rate 
compared to An et al., at 0.5C, but their results are nonetheless remarkable, with a 
charge retention of 93.8%.  
 These works show us how promising Vanadium Pentoxide can be, specially if 
combined with 2D nanostructure, enhancing both capacity and stability of lithium-ion 
batteries, ergo, being a potential candidate to be used as a cathode. These ultrathin 
nanosheets shows great cycling stability, high Coulombic Efficiency and reversible 
capacity, and can ally fast-charging and high-power deliver. 
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2 Experimental Section 
2.1 Production method 
2.1.1 Synthesis of V2O5 nanostructure 
The synthesis of V2O5 nanostructures was based on liquid exfoliation method
 47, 
with few modifications that allowed the reduction of process time, i.e. bath sonication. 
Analytical grade V2O5 (Sigma-Aldrich, 98%) was dispersed in Formamide (Sigma-
Aldrich) in a proportion of 1:2 and left under vigorous stirring for 24 hours until a 
brown paste was formed. Afterward, the resulting paste was left under bath sonication 
(BANDELIN Sonorex) for 3h. To isolate the V2O5 nanostructures, the subsequent 
material was washed by centrifugation (Thermo Scientific Multifuge X1R) at 6000rpm, 
in ethanol (Sigma-Aldrich, 99.8%), several times (usually 5 times) on a Falcon tube 
(50ml). This step created an intermediate state of NH4V3O8. Then, the material was 
dried on a hot plate, in air, at 60º C for 2h. To further eliminate the intermediate state, 
the material was later quick heated on a hot plate at 400º until the color changes from 
orange to bright orange, which occurs in few seconds. 
2.1.2 Battery fabrication 
2.1.2.1 Slurry preparation 
Two slurries were produced, one containing raw V2O5 (Sigma-Aldrich, 99%) and 
another containing the as-obtained nanostructured V2O5. Both were made following the 
70:20:10 ratio (Active Material : Conductive Agent : Binder). 0.05g of PVdF were 
dissolved under stirring in 0.5ml of NMP. In the meantime, 0.35g of V2O5 and 0.1g of 
C65 were mixed in a mortar, in order to make it more uniform. After complete 
dissolution of PVdF, the as-obtained powder of V2O5 + C65 was added to the solution. 
1.5ml of NMP were added to obtain the desired thickness of the slurry. Slurry was left 
under stirring overnight to obtain a homogeneous solution (Appendix Fig. A. 1.)  
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2.1.2.2 Cathode preparation 
To fabricate the cathode, the resulting mixture was shear casted onto aluminum 
foil, at the speed of 50mm s-1, with a 300µm thick blade, then left to dry at room 
temperature overnight. It was later punched into small disks (Ø=16mm) for coin cell, 
and smaller disks (Ø=10mm) for T-cell. After fully dried, the sheet was pressed under 
high load (150 bar). Further drying in vacuum at 120º C for 4h. 
2.1.2.3 Battery fabrication 
Both coin cell and T-cell (Appendix Fig. A. 2) batteries were assembled in an 
argon-filled glove-box (M3Braun UNIlab sp), where both moisture and oxygen levels 
were less than 1ppm. In both cells, lithium foils were used as anode, LiPF6 1M in 
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1, v/v) + 1% VC (Vinylene 
Carbonate) was used as electrolyte and double-layer Whatmann paper was used as 
separator. The assembled battery was taken out of the argon glove-box to be 
compressed in a dry-room with humidity less than 5% and, therefore, sealed.  
2.2 Characterization Methods 
2.2.1 V2O5 Characterization 
2.2.1.1 XRD 
Samples of raw and nanostructured V2O5 were characterized by XRD with a 
PANalytical X’Pert PRO diffractometer equipped with a X’Celerator detector and using 
CuKa radiation. The diffraction patterns were collected in Bragg-Brentano 
configuration in 2θ, ranging from 5º to 65º with a 0.02º step size. Both samples were 
compared with the experimental XRD patterns to standards compiled by JCPDS, and 
then compared to each other. 
2.2.1.2 HT-XRD 
Nanostructured V2O5 was further studied with HT-XRD (PANalytical X’Pert 
PRO) under air to understand when the transition of NH4V3O8 to V2O5 occurs. The 
V2O5 powder was placed on a platinum strip, and the patterns were acquired between 
30ºC and 500ºC with a step of 50ºC. 
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2.2.1.3 SEM 
SEM (Carl Zeiss, Auriga) was used to observe the microstructure of the 
synthesized V2O5 nanostructures, as well the raw material. Powders were spread on a 
double-face carbon tape without any treatment. Images were analyzed with the software 
ImageJ to study the dimensions (thickness and diameter) of the V2O5 nanostructures. 
 FESEM Zeiss Supra™ 40 was used to further study the thickness of the 
nanostructured V2O5, at Electrochemical Department - Politecnico di Torino 
2.2.1.4 TG-DSC 
Evaporation of NH4
+ from the sample was verified with DSC at air temperature 
varying the temperature from 25º to 400ºC. The loss of mass shows the optimal 
temperature to transform the intermediate state into pure V2O5 
2.2.1.5 XPS 
The XPS measurements were carried out with a PHI Model 5800 (USA) electron 
spectrometer, at Politecnico di Torino, equipped with an Aluminum anode (1486 eV) 
monochromatic source with a power of 25.6 W and the high-resolution scan with a 
11.75 eV pass energy. The instrument typically operates at pressures below 5x10-8 
mbar.  A PHI patented dual beam charge neutralization method, combining low energy 
ions and electrons, was employed to reduce the possible charging effect of the X-rays 
on the samples.  
2.2.2 Battery Characterization 
2.2.2.1 Galvanostatic Charge and Discharge 
To study the electrochemical characteristics of the materials, an ARBIN multi-
channel battery test system with galvanostatic charge and discharge in the voltage range 
of 4.0-2.0 V was used. This allows to study the specific capacity, coulombic efficiency 
and cycling performance. 
2.2.2.2 Cyclic Voltammetry 
CV was used to study and understand the redox reactions occurring in the 
material. Tests were performed in a T-cell battery, using three electrode 
configuration (Lithium was the reference electrode), with CH Instruments 
CHI660D, in the range of 2-4V, and a scan rate of 1mVs-1.  
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3 Results and Discussion 
Herein is discussed the synthesis of V2O5 nanostructure by liquid-exfoliation and 
the production of a functional cathode for Li+ batteries. 
3.1 Liquid-exfoliation of V2O5 
Initially many techniques were employed to exfoliate V2O5 into nanosheets, such 
as solvothermal, hydrothermal and sol-gel, but after many attempts the most successful 
was liquid-exfoliation due its simplicity, quickness and efficiency. Parameters such as 
solvent, solvent ratio and sonication time were studied on a trial and error basis. 
3.1.1 Influence of solvent 
Based on the work of Nicolosi et al. 47 and Rui et al. 7, two solvents were chosen 
due to its efficiency and availability at the lab, N-methyl-pirrolidone (NMP) and 
Formamide. Both solutions were carried in the condition showed in Chapter 2.1.1, for 
3h sonication only, and the best solvent was chosen by direct analysis of SEM images 
shown in Fig.  5. 
 
Fig.  5 - SEM images of a) V2O5 structure dispersed in NMP, and b) V2O5 nanostructure dispersed in 
Formamide 
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Resultant product of liquid-exfoliation of NMP is much more aggregated than the 
one in Formamide. With the later, the result is a plate-shaped, very thin (around 
20~60nm) particle. Moreover, few more experiments were performed under the same 
condition to attest its reproducibility and while the product of Formamide exfoliation 
maintained consistent results, the one with NMP varied along the experiments. For 
these reasons, liquid-exfoliation of V2O5 with Formamide was preferred. 
3.1.2 Influence of solvent ratio 
It was initially thought that with the increase of solvent ratio more exfoliated the 
sheets could be, as it would increase the concentration of Formamide molecules inside 
the sheets of V2O5 to help disrupt weak Van der Waals forces with sonication. Three 
ratios were tested - 1:1, 1:2 and 1:5 - and surprisingly 1:1 and 1:5 produced almost the 
same particles’ morphology, while 1:2 shows exceptionally thin nanoplates with large 
lateral size, as observed in Fig.  6. 
 
Fig.  6 – SEM images of different ratios, a) Ratio of 1:1, b) ratio of 1:5, c) 1:2 and d) close-up of one 
nanoplate of V2O5 (3 hours sonication) with circa 30nm thick 
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No ratios could produce uniform plates while maintaining a high yield. Despite 
that, a ratio of 1:2 was the only that could produce nanoplate like structures, despite not 
being homogeneous along the entire sample. As shown in Fig.  6 c) and d), it’s clear to 
see that nanoplates are present, but also some particles like the ones in Fig.  6 a) and b). 
One hypothesis for this is the bulk V2O5 didn’t have enough time to exfoliate, or the 
solvent couldn’t penetrate well enough between the interlayer space, therefore creating 
just broken pieces of bulk V2O5. 
3.1.3 Influence of Sonication Time 
Sonication time is one important parameter, as if not long enough, will not result 
in large quantities of exfoliated material, while if left too much, could result in broken 
pieces of layered material. With our bath sonicator, we cannot control the frequency or 
intensity of the waves, and are also unknown, so the time is the only parameter we can 
control in this process. For this study four times were chosen, 3h, 6h, 12h and 24h. Four 
individual samples were prepared following the same method as before. 
The result for 3 hours sonication is shown before in Fig.  6 c) and d) 
demonstrating a good ratio between nanoplate obtainment and broken-down pieces of 
V2O5. But with the increase of sonication time, the less this ratio is, demonstrating that 
is not worth to leave the solution for an extended period of time. 
 
Fig.  7 - V2O5 nanoparticles after 6 hours of sonication 
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In Fig.  7 we can observe that resultant particles are quite similar as the one 
observed in Fig.  6 b), with many broken pieces of V2O5, with a surface that is not 
smooth. That could be linked to some aggregation of the material after its exfoliation, or 
the heat treatment to dissolve NH4
+ melting some of the material. 
 
Fig.  8 - V2O5 nanoparticles after 12 hours of sonication 
Increasing the time to 12 hours is possible to observe multiple different structures, 
with three of them shown in Fig.  8. We can see the re-stacking mentioned before, and 
the effect is more prominent and we can clearly deduce that there are many sheets of 
V2O5 sitting on top of each other. Also marked, are some tiny shapeless pieces, 
indicating that sheets were broken due to sonication. And last, it is present in this 
sample some sort of well-defined rod structure not present in any other sample. 
Finally, after 24 hours of sonication (Fig.  9) the structure again shows the same 
re-stacking and the same shapeless pieces present in previous samples. But for this 
longer period of time is also possible to observe nanoplates amongst all the other pieces. 
Unfortunately, due to their position in the sample we could not estimate their thickness, 
but it seems consistent with the ones made with 3 hours of sonication.  
So, after studying those four time periods, both 6 and 12 hours were discarded. 
The results from 3 and 24 hours were comparable at least, but since it is better and 
quicker to use only 3 hours, that was the chosen time for this present work. 
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Fig.  9 - V2O5 nanoparticles after 24 hours of sonication 
3.2 Morphological Characterization 
Fig.  10 shows a before and after SEM image of bulk V2O5 that undergone liquid-
exfoliation treatment. The dominant different is the decrease in size, proving the 
effectiveness of the used method. Also, an interesting detail is present in Fig.  10 - 
Direct comparison of liquid-exfoliation process, a) Bulk V2O5 and b) Nanoplates of 
V2O5, a nanoplate sits on-top of another, so thin that it is possible to see the plate that 
lies beneath. 
 
Fig.  10 - Direct comparison of liquid-exfoliation process, a) Bulk V2O5 and b) Nanoplates of V2O5 
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Another factor to consider is the difference in structure between the supernatant 
and the precipitate (Fig.  11). The supernatant shows a clear, uniform and well-defined 
disk shape, but the thickness is 10 times higher than the precipitate and the yield is 
extremely low. For this reason, the later was chosen to continue under tests. 
 
Fig.  11 – a) Supernatant sample after first washing in ethanol @ 6000rpm and b) precipitate collected 
after final washing 
Since the procedure is done using a solvent, XRD analysis, as well XPS, was 
made to confirm that the final product was still pure V2O5. The result was not ideal, but 
to some extent expected, since one of intermediate state of V2O5 in this process is 
Ammonium Trivanadate (NH4V3O8) and it was present in the sample (Fig.  12). Since 
Ammonium is an organic solvent, it was proposed that a simple thermal treatment with 
at least 70º C would be enough to evaporate it. This idea is supported by the work of 
Kaus-Jurgen et al. 48 with the thermal decomposition of Ammonium Metavanadate.  
 
Fig.  12 -XRD patterns for samples of bulk V2O5 (red) NH4V3O8 before thermal treatment (blue) and 2D 
nanostructured V2O5 (black)  
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To determine the best temperature for the thermal treatment, HT-XRD study, with 
the variation of temperature was made from 30º to 500º, and is possible to see the 
transition of the material between 300º and 400º. To complement this, TG-DSC study 
was performed to observe the exact temperature where a loss of mass occurs. With TG-
DSC (Fig.  13) is possible to observe that 5.92% weight loss at 298º, indicating the 
evaporation of the solvent at said temperature. HT-XRD can be found at Fig. A. 3 
 
Fig.  13 - TG-DSC study on NH4V3O8 to determine temperature transition of the material 
XPS study for the nanostructured V2O5 was made to investigate the chemical 
state, as shown in Fig.  14.The binding energies obtained in the XPS analysis were 
corrected for specimen charging by referencing the C1s line to 284.6 eV. Core level 
binding energies of V2p3/2 (Fig.  14 a)) can be divided in four main peaks, 515.61, 
517.05, 523.06 and 524.64 eV. The first two peaks can be attributed to V5+ and V4+ 
species, respectively. The O1s spectrum is broad and asymmetric, divided in three 
peaks, indicating the existence of three different oxygen species. The peak located at 
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Fig.  14 XPS observation of the a) V2p3/2 spectrum and b) O1s spectrum 
 With the results of XRD confirming the successful production of 2D 
nanostructured V2O5 a FESEM study was performed to further study the thickness of 
the nanostructures. The results were quite interesting with some particles reaching the 
sub-20nm thickness, as seen in Fig.  15. 
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Fig.  15 – Zoomed images of V2O5 nanoplates with a) Nanoplate with 19.90nm and b) Nanoplate with 
21.03nm 
3.3 Electrochemical Performance 
After determining the best parameters for the synthesis, V2O5 batteries were 
successfully made in this dissertation using Coin-cell and T-cell structure, the latter 
being used only for cyclic voltammetry (CV) due its three contacts configuration. Said 
batteries are depicted in Fig. A. 2. Electrochemical performance was evaluated using 
CV at scan rate of 0.1mV s.1 in a potential range of 2.0 to 4.0V. Charge/discharge 
technique and its cycling performance was tested using galvanostatic charge-discharge 
method. 
3.3.1 Cyclic Voltammetry 
Fig.  16 shows the first three CV cycles of Nanoplate V2O5 and Bulk V2O5. The 
redox peaks correspond to different oxidation (Positive currents) or reduction (negative 
currents) steps of Lithium in the structure of V2O5. Consequently, different amounts of 
Li+ can be intercalated and deintercalated in V2O5. In Fig.  16 a) four main redox pairs 
were observed at around 3.63/3.6, 3.45/3.4, 3.34/3.2 and 2.49/2.3 V, which associates to 
the reversible lithium intercalation/deintercalation on V2O5 forming, respectively, α-
LixV2O5, ε-LixV2O5, δ-LixV2O5 and γ-LixV2O5, expressed in the equations (2) - (5)
 50. 
The same principle applies for Fig.  16 b).  
 
V2O5 + 𝑥Li
+ + xe− ↔ αLi𝑥𝑉2𝑂5 (𝑥 < 0.1)   (2) 
V2O5 + 𝑥Li
+ + xe− ↔ εLi𝑥𝑉2𝑂5 (0.35 < 𝑥 < 0.7)   (3) 
V2O5 + 𝑥Li
+ + xe− ↔ δLi𝑥𝑉2𝑂5 (0.9 < 𝑥 < 1)  (4) 
V2O5 + 𝑥Li
+ + xe− ↔ γLi𝑥𝑉2𝑂5 (1 < 𝑥 < 2)   (5) 
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Fig.  16 – Cyclic voltammograms of a) Nanoplate V2O5 and b) Bulk V2O5 performed at a scan rate of 
0.1mV s.1 
From the different cycles of CV on both materials, it can be found that curves 
have a similar shape and exhibit high peak currents, indicating similar electrochemical 
reaction processes are occurring. Cyclic voltammogram of Nanoplate V2O5 shows an 
anodic peak appearing at 2.6V. One possible explanation is some kind of irreversible 
reaction that is occurring in the transition from γ/ω. Literature suggests that these peaks 
disappear after some cycles 49, as can be noticed in the third cycle of Bulk V2O5. 
Peaks in bulk V2O5 become weaker and broader as the cycling increases, 
suggesting continuous capacity fading and structure collapse after 
intercalation/deintercalation process 51. The same occurs for the nanoplates, although the 
decrease in the peaks is lower and with an increase in the 3.6V peak, which suggests 
better stability during the process. The intensity is lower in the nanoplate, and although 
the mass loading in the two electrodes is not the same, one implication for the lower 
peak is a lower capacity than the bulk, contradicting what the literature says about 
nanoparticles. 
3.3.2 Charge-discharge curves 
Fig.  17 shows the 12th cycle of charge-discharge of both cathodes at a current 
density of 0.1C (29.4 mA h-1). The 12th cycle is used to ensure that there’s no 
irreversible reaction occurring in the cathode, that any accumulated charge in the 
electrodes are depleted and improve electrolyte penetration in cathodes. 
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Albeit the final capacities of both materials are almost identical, the curve profile 
is very different. Recent studies 52,53 comparing Cobalt Oxide with Manganese Oxide in 
potassium-ion batteries shows that smooth curves, such as with the Nanostructured 
V2O5 in this present work, are due to a deformation in the lattice when the ion is 
inserted, changing the relative position of the ion relatively to the oxygen. This behavior 
suggests that nanoplates have the capacity to distort themselves when ions are 
intercalated. This, though, decreases the capacity of the material but increases its stress 
resistance, leading to a higher number of cycles. As seen in the cyclic voltammograms, 
there are four pairs of redox reactions that should translate into plateaus here. There are 
only some slight shoulders in the curve, marked below, but they confirm the reverse-
phase transformation in the discharge curve. Also, other little bumps in the discharge 
curve may be a related with the smaller peaks in the cathodic profile in CV. Regarding 
the charge curve, four little plateaus are observed corresponding to the Li+ 
deintercalation process. For the bulk material, the shoulders in the discharge curve 
suggest that the voltage in the battery is more constant along the time. 
 
Fig.  17 – Charge-discharge curves of Nanoplate V2O5 and Bulk V2O5 
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3.3.3 Cycling performance 
Cycling performance of both materials was studied using the galvanostatic 
charge-discharge test. Both cathodes were tested under a varying rate of 0.1 (29.4 mA h-
1), 0.2 (58.8 mA h-1), 1C (294 mA h-1) and again to 0.1C for the first 12 cycles and after 
that they were submitted to a long stress test for 100 cycles under 1C. Fig.  18 shows 
how the capacity varied for both cathodes for the first 12 cycles. 
 
Fig.  18 – Rate performance of a) Nanoplate V2O5 and b) Bulk V2O5 for the first 12 cycles 
Both cathodes showed comparable performance and capacity, although the 
nanostructured V2O5 shows lower capacity at any C-rate as expected for its lower 
current peak in the cyclic voltammogram. For nanostructured V2O5 the specific capacity 
varies from 230 mA h g-1 (0.1C) to 158 mA h g-1 (1C) and for bulk 231 mA h g-1 (0.1C) 
to 176 mA h g-1 (1C). While the maximum capacity is similar at low C-rate, an increase 
in the current draw (higher C-rate) shows that bulk V2O5 has more capacity at higher 
currents. One thing worth noticing is that they almost reach the theoretical capacity for 
Vanadium (294 mA h g-1).  
The coulombic efficiency (ratio between what the material can discharge over 
what it can charge) in early cycles is higher than 100% probably due charges present on 
the material prior the assembly, and after the battery stabilizes both cathodes showed 
99% of coulombic efficiency. 
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To further evaluate the battery performance, same cathodes were subjected to 100 
cycles more at 1C, to test its charge retention after long cycle life Fig.  19. When 
increasing the C-rate again for this test, the difference between capacities is higher than 
before (Δ=29 mA h g-1) indicating that bulk V2O5 has a higher resistance to changes in 
current. Cathodes maintained their capacities during the cycling, with nanostructured 
being the most stable (92% vs 84%). Nonetheless, with the increase of cycles bulk V2O5 
breaks, indicating a collapse in its structure causing a short-circuit in the battery.  
This behavior was already expected for bulk due to the decrease of current peak in 
the voltammogram and, also, because the literature suggests that bulk materials have 
less structure resistance of with the intercalation and de-intercalation of lithium ions. 
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4 Conclusion and Future Perspectives 
A fully functional Lithium-ion battery using nanostructured V2O5 was 
successfully made in this work. Several parameters were tested, representing different 
morphologies on each of them. The choice of solvents represented major difference in 
the exfoliation process and in the aggregation of the particles. Formamide intercalated 
between the layers of Vanadium allowing the process of liquid exfoliation to carry on. 
Tip-sonication was tested in earlier phases of this thesis but produced no noteworthy 
results, thus, bath sonication was used and the sonication time went under test for four 
different times. SEM and FESEM analysis of the material showed the successful 
production of nanostructures, namely, nanoplates, with various thickness ranging sub-
20nm to 120nm. Further studies with more solvents, as well a fine tuning of sonication 
parameters, such as power and frequency could lead to thinner and more uniform sheets 
of V2O5. 
Formamide leads to an intermediate state of NH4V3O8 and thermal treatment was 
used to evaporate NH4+. TG-DSC and HT-XRD were employed to evaluate at which 
temperature the transition to V2O5 occurs (≈ 300 ºC) and further tests with XRD and 
XPS showed fully conversion to V2O5. Thermal treatment used to obtain the final 
product is a mere hotplate for a few seconds, so, the method of liquid-exfoliation proved 
to be efficient, cheap, and fast. 
Several batteries were produced, using both bulk and nanostructured V2O5 as 
cathode. Two types of separators were used, Celgard and Whatman paper, but Celgard 
failed to produce working batteries for the Bulk V2O5, and for the sake of consistency it 
was discarded for further testing. Coin cell and T-type batteries were produced. 
Batteries were studied using Galvanostatic charge-discharge test and cyclic 
voltammetry, from there it was possible to evaluate specific capacity as well cycling 
stability for more than one-hundred cycles.  
Recent studies regarding K-Ion Batteries indicates that the smooth curves in the 
charge-discharge profiles are due relaxation in the crystal lattice of layered materials, 
displacing the position of K+ (in our case, Li+) relatively to Oxygen atoms. This 
behavior causes a decrease in the battery capacity, but the “elastic” distortion of the 
lattice permits a higher resistance to intercalation and de-intercalation of ions in the 
material, explaining why nanostructured V2O5 has endured more cycles than the bulk 
counterpart, and also maintaining the capacity more or less constant (92% of capacity 
retention) 
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Coulombic efficiency in earlier cycles is higher than 100% due to accumulated 
charges in the anode, but reaching 99% as the cycles increase. This demonstrates that 
both materials have great charge retention. Bulk V2O5 had a higher potential (231 mA h
-
1 at 0.1C, 176 mA h-1 at 1C) than Nanostructured V2O5 (230 mA h
-1 at 0.1C, 158 mA h-1 
at 1C), and is worth nothing that according to literature this was not the initial expected 
result, because the decrease in size should lead to a shortened path for lithium ions, as 
well higher surface area, increasing the battery capacity, but as mentioned earlier, the 
displacement in the crystal lattice can be the reason of why the capacity is lower. 
Despite its higher capacity, bulk material failed before reaching one-hundred cycles, 
demonstrating that nanostructures possess advantages regarding battery cycling, 
overcoming its lower capacity. 
BET analysis should be done in future work to study the porosity and the surface 
area of both materials used in this work, as this analysis could lead to more explanations 
of why the capacity of nanostructured material is lower than bulk. Post-morten 
morphology analysis of cathode is also interesting in the future to evaluate how the 
material changed during the process of intercalation and de-intercalation of Li+. 
This thesis had two major objectives, finding a way to exfoliate Vanadium Oxide 
was the initial goal and it was successfully achieved using the liquid-exfoliation 
technique. The second one was to make it meaningful, for it to have a purpose. Batteries 
are, today, a hot-topic in our society, and Vanadium could lead to better and cheaper 
batteries. The second objective was then accomplished and batteries were produced. 
Fine tuning the processes herein described should result in batteries capable of rivaling 
with LIBs.  
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Fig. A. 1 - Homogeneous cathode slurry 
 
Fig. A. 2 - Examples of two batteries produced, a) coin-cell structure and b) T-cell structure 
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Fig. A. 3 - HT-XRD observation of material change with temperature 
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